Introduction {#sec1-1}
============

Fibrous and globular proteins are the two groups of proteins contributing to the structural and functional purposes in biological entities, respectively \[ [@ref1] \]. Proper folding of proteins is significant in intercellular transportation, signals transmission and nervous impulses, cell adhesion, change in cytoskeleton, metabolic reactions and in general the proper functioning at cellular and intercellular levels \[ [@ref2] \]. On the other hand, protein aggregation is a biological phenomenon through which protein molecules have lost their normal structure generally as soluble and transformed to abnormal structures, and these abnormal molecules later have been connected to each other \[ [@ref3] \]. Protein aggregations are commonly categorized based on their microscopic shapes into two groups of regular aggregation (amyloid) and irregular aggregation (amorphous) \[ [@ref3] \]. Amyloid fibrils are insoluble fibrillar forms of proteins composed from peptide monomers \[ [@ref4] \]. In fact, many diseases are caused by protein structural changes and thus cellular disorders \[ [@ref2] \].

The general impression now is that all the proteins, under appropriate conditions, have the capacity to form amyloid fibers and this can be an intrinsic feature of proteins \[ [@ref5] \]. Nevertheless, the tendency of a protein to produce amyloid fibrils depends on several factors, including the polypeptide load and sequence as well as hydrophobicity and its secondary structure \[ [@ref6] \]. Mutations in a protein structure may also decrease or increase fibril production. Amyloid fibrils are also created when proteins are exposed to abnormal conditions such as temperature and pH \[ [@ref7] \]. Despite the differences in amino acid sequence and the primary structure of different proteins, they all gain the structure of beta sheets after the formation of fibrils.

The mechanism of amyloid fibers formation in vitro consists of two phases, including lag phase and growth phase. At lag phase, fibril formation is slow with no visible fibrils. The time required for this phase may range from a few hours or days to even a few weeks. This depends on several factors, including the structure of the protein, the ionic strength of the environment, temperature, pH and the redox potential. At growth phase with a higher speed, initiation and progression of the growth phase continues to a point which no other peptide is added to the end of a fibril, and finally stops without any further progression \[ [@ref5] , [@ref8] , [@ref9] \].

According to the extensive studies carried out on fibril formation, several models have been proposed to explain its mechanism, including the following \[ [@ref10] , [@ref11] \]: i) nucleation conformational conversional model and ii) monomer-derived conversional model. Based on the first model, after the formation of a core, it grows in fibrous form to turn into long amyloid fiber. In the second model, a protein molecule changes from its original state and creates amyloid capable to induce amyloid features in other protein monomers. Finally, through the modification of protein structure, amyloid state is generated.

Fibril formation of proteins has attracted particular attention due to its significant role in the development of neurodegenerative and system amyloiosis diseases such as Alzheimer's, Pick's, Parkinson's and type two diabetes \[ [@ref12] - [@ref16] \]. Hence, the term "Amyloidosis" describes a particular type of disease associated with the formation of amyloid fibrils.

Under in vitro conditions, protein fibrils can be produced through the methods as following: i) mild denaturing when the primary protein is partially unfolded, ii) incubating at high temperatures and concentrations, iii) adding salt of high concentrations (salting out), iv) changing the solution pH, v) adding polar organic solvents, vi) adding heavy metal ions, and vii) adding nonionic polymers \[ [@ref17] - [@ref20] \].

Fibril formation can be studied by the methods of fluorescence in thioflavin T upon protein bonding \[ [@ref21] \], UV-vis absorption of congo red upon binding into protein \[ [@ref22] - [@ref23] \], scanning electron microscopy (SEM) \[ [@ref24] \], transmission electron microscopy (TEM) \[ [@ref25] \], atomic force microscopy (AFM) \[ [@ref9] , [@ref26] \], cryo-electron microscopy \[ [@ref27] \], Fourier-transform infrared spectroscopy (FTIR) \[ [@ref28] \], X-ray diffraction (XRD) \[ [@ref29] \] and solid state nuclear magnetic resonance (NMR) \[ [@ref30] \].

On the other hand, stability and insolubility of amyloid fibrils prove their applications in different areas \[ [@ref31] - [@ref37] \], while it also represents the intensity of their impact on pathogenicity processes \[ [@ref4] , [@ref38] \]. However, the shape, size and positioning of the fibers should be controllable during their production. For example, this controlling leads to reducing cytotoxicity \[ [@ref39] \].

Fibroin is mainly derived from spider web and silkworm cocoons. Fibroin extracted from silkworm cocoon possesses features such as high biodegradation, absence of immune system stimulation, low toxicity, and high flexibility and mechanical strength \[ [@ref40] \]. Fibroin constitutes a light-chain, a heavy-chain and a sub-chain, and 85% of the molecular weight of this protein results from the heavy chain. Fibroin heavy chain contains 5263 amino acids mainly including glycine, alanine and serine \[ [@ref30] \]. Fibroin has applications in oxygen- and vapor-permeable films, enzyme immobilization, tissue engineering, artificial ligament production and drug delivery with a high adaptability with mammals' cells \[ [@ref41] \].

In this study, fibroin was underwent conditions of fibril formation to evaluate the formation of amyloid and fibrillar structures.

Material and Methods {#sec1-2}
====================

It is an experimental study. All materials and chemicals were purchased from Merck (Germany) or Sigma (USA) and used without further purification. Silkworm cocoon was supplied from a local store. In all the stages of the experiments, double distilled water was used.

To extract fibroin from silkworm cocoon, the cocoons of silkworms were firstly cut and rinsed three times with water. Then they were boiled four times with a solution of 0.2 mol L^-1^ sodium carbonate, rinsed again with water, and dried at 37 °C. The dried cocoons were transferred into a mixture of water, ethanol and calcium chloride in molar ratios of 8:2:1 at 90 °C for 6 hours to dissolve. The resulting solution was centrifuged at 5000 rpm for 20 minutes, and the supernatant was then dialyzed using a dialysis bag (MWCO 12 kDa) against water for three days, while the external water changed every 4 hours. Phosphate buffer saline 100 mmol L^-1^, pH=7.4 (PBS) was added into the remaining solution in the bag, passed through a 0.22 μm filter membrane and kept at 4 °C \[ [@ref31] \].

The concentration of fibroin solutions was determined by the Bradford test. A Bradford stock solution was prepared by mixing 10 mL ethanol 95%, 20 mL phosphoric acid 85% and 35 mg Coomassie blue G and stored at 4 °C in dark. Human serum albumin solutions of known concentrations were employed as standards, and a standard curve was constructed. To use the standard curve and the absorbance values of the fibroin solutions, the fibroin concentration was determined.

For fibroin fibrillation induction, fibroin solutions were reached pH=1.6 with hydraulic acid, and incubated at 70 °C at different time intervals.

Congo red binding test was performed by mixing 300 μL congo red stock solution of 20 mg mL^-1^ and 20 μL fibroin solutions. After 30 minutes, UV-vis absorbance values were measured.

A Rayleigh UV-2100 spectrophotometer (China) was employed to determine the concentration of protein and congo red absorption. Field-emission scanning electron microscopy (FESEM) was performed by a Zeiss, Sigma-IGMA/VP microscope (Germany) and transmission electron microscopy (TEM) was performed using a Zeiss, EM10C microscope (Germany). To prepare protein sample for FESEM, glass slides were rinsed with ethylene glycol and then double distilled water. The incubated protein solutions were stirred by a vortex for a few minutes and then put on the slide. The slides were sputtered with a gold layer as reported elsewhere \[ [@ref42] \], before observing under the microscope. Protein sample preparation for TEM was performed by sonication of protein solutions using a probe-ultrasound for 45 minutes. Then, a 2% uranyl acetate solution dissolved in water was utilized to stain the fibrils, and placed on the microscope grid.

Atomic force microscopy (AFM) was performed by JPK AG-Nano-Wizard II microscope at ambient conditions and noncontact mode as described elsewhere \[ [@ref43] \].

Circular dichroism (CD) spectra in the far-UV region were recorded using a J-810 Jasco spectropolarimeter with a 1 mm path cell at 25 °C, according to the procedures described elsewhere \[ [@ref44] \].

Results {#sec1-3}
=======

The spontaneous amyloidogenesis of fibroin in PBS at pH=1.6 and 70 °C during different time intervals was recorded by time-lapse UV-vis spectra of bound congo red into the protein. [Figure 1](#JBPE-10-39-g001.tif){ref-type="fig"} shows the results obtained. Time intervals of fibroin incubation with a concentration of 180 μg mL^-1^ were 1, 2, 7.5, 10, 16, 28, 35, 45, 60, 75, 120 and 240 minutes, and 7, 15, 15, 20, 48 hours, and 4 and 7 days. Two phases of fibrillation called lag phase and growth phase are presented in [Figure 2](#JBPE-10-39-g002.tif){ref-type="fig"} schematically.

![UV-vis spectra of bound congo red into fibroin for different time intervals of 1, 2, 7.5, 10, 16, 28, 35, 45, 60, 75, 120 and 240 min, and 7, 15, 15, 20, 48 h, and 4 and 7 days.](JBPE-10-39-g001){#JBPE-10-39-g001.tif}

![Illustration of fibrillation process of proteins.](JBPE-10-39-g002){#JBPE-10-39-g002.tif}

The progression of fibroin fibrillation was followed at a concentration of 9 μg mL^-1^ and different selected time of incubation in PBS at pH=1.6 and 70 °C by FESEM. [Figure 3](#JBPE-10-39-g003.tif){ref-type="fig"} shows FESEM images of the resultant fibrillation products after incubation times of 30, 60, 90 and 240 minutes and 7 hours. [Figures 3A and B](#JBPE-10-39-g003.tif){ref-type="fig"} show that after about 30 minutes, very small particles of \~18.0±3.5 nm are appeared in the protein solution due to post-nuclei formation. After 60 minutes, these small particles were aggregated and form larger ones ([Figures 3C and D](#JBPE-10-39-g003.tif){ref-type="fig"}). It is clear from [Figure 3D](#JBPE-10-39-g003.tif){ref-type="fig"} that these larger particles are collections of the smaller ones. Upon prolonging the fibrillation conditions to 90 minutes, a network-resembled of the particles, i.e. adhered particles, are observed as depicted in [Figures 3E and F](#JBPE-10-39-g003.tif){ref-type="fig"}. These adhered particles would be the building blocks of the fibrils. A closer scrutiny of these images indicated that swollen fibroin particles tend to align within the surrounding area of the early fibrils. After 240 minutes, the fibrils were appeared with a texture of the fibrillation product ([Figures 3G and H](#JBPE-10-39-g003.tif){ref-type="fig"}) with a variety of diameter and length. Upon the formation of sufficient amounts of nuclei, the fibrils' elongation became the main dominated process and lead to the formation of a large number of fibrils accompanied by increasing in their topology complexity. These tenuous fibrils were transferred lastly into tick rod-like fibers upon 7 hours of incubation ([Figure 3I](#JBPE-10-39-g003.tif){ref-type="fig"}). The fibroin fibrils had a thickness of 20-60 nm and a length of a few micrometers and could have different appearance even at equal formation conditions. The protein fibrils usually consist of 2-6 protofilaments having a beta sheets structure \[ [@ref4] \].

![FESEM images from fibroin samples incubated under fibrillation conditions for different time intervals of 30 (A,B) , 60 (C,D) , 90 (E,F) and 240 (G,H) min and 7 h (I).](JBPE-10-39-g003){#JBPE-10-39-g003.tif}

TEM images were recorded at elapsed fibrillation times of 30 (A), 90 (B) and 240 (C) minutes and 7 hours (D), and are shown in [Figure 4](#JBPE-10-39-g004.tif){ref-type="fig"}. The initial nanoparticles formation in the lag phase was followed by small fibril creation, growing the small fibrils, and establishment of thick rod-like fibers. The images also confirmed that the final fibers were not condensed and seem to be hollow.

![TEM images from fibroin samples incubated under fibrillation conditions for different time intervals of 30 (A), 90 (B) and 240 (C) min and 7h (D).](JBPE-10-39-g004){#JBPE-10-39-g004.tif}

[Figure 5](#JBPE-10-39-g005.tif){ref-type="fig"} represents AFM images of the fibroin fibrils after incubation of the fibroin solution for 240 minutes (A) and 7 hours (B). The patterns of these figures are in line with those from FESEM and TEM images. At the shorter time (240 minutes), the fibrils were smoother and then achieve growth to provide thicker fibers. The fiber observed in [Figure 5](#JBPE-10-39-g005.tif){ref-type="fig"}B was really comprised from thinner fibrils, and it seems that the thick fibers were formed by accumulating the thinner ones formed at shorter times.

![AFM images from fibroin samples incubated under fibrillation conditions for two time intervals of 240 min (A) and 7h (B).](JBPE-10-39-g005){#JBPE-10-39-g005.tif}

![Far-UV CD spectra recorded for the native fibroin, and after its incubation under fibrillation conditions for 30, 60 and 120 min.](JBPE-10-39-g006){#JBPE-10-39-g006.tif}

[Figure 6](#JBPE-10-39-g006.tif){ref-type="fig"} shows far-UV CD spectra recorded for the native fibroin, and after its incubation under fibrillation conditions for 30, 60 and 120 minutes. In the spectra, upon increment in the fibrillation time, the ellipticity values at 197 nm increased. This indicated that in comparison with the native protein, incubation under fibrillation conditions lead to increasing the random coil conformations in the protein structure and eliminating the structural characteristic of the protein. This is the first step of the fibrillation.

Discussion {#sec1-4}
==========

Although proteins such as fibroin are not related to diseases, knowledge regarding their fibrillation is important for the basic studies in this field as well as applications in different areas of nanobiotechnology. Up to now, fibrillation of proteins which are not causing a disease such as casein \[ [@ref45] \], globulins \[ [@ref46] \] and lysozyme \[ [@ref47] , [@ref48] \] have been studied. Protein fibril formation can be studied from two views of fibril production and structural changes upon and/or during the fibrillation process.

Binding to congo red occurs due to inherent core-sheet structural entity of the protein fibrils \[ [@ref49] , [@ref50] \]. Congo red with a structure of diazo sulfonate has absorbance spectra with a maximum at 498 nm. However, upon congo red binding with peptides or proteins, either red or blue shift is occurred contingently upon protein structure and situation.

Congo red binding into fibroin under fibrillation conditions over time showed some distinct behavior. Form beginning of the fibrillation up to 120 minutes, the absorbance intensity decreased and the absorbance maxima had a blue shift. After this time (120 minutes) and up to the end of fibrillation time (7 days), the absorbance intensity increased and the absorbance maxima had a red shift. These two sets of spectra indicated two phases of fibrillation. The former was due to fibril nucleation \[ [@ref51] - [@ref53] \] that is named as the lag phase; the absorbance intensity decreased due to accumulation of oligopeptides and nuclei formation \[ [@ref51] - [@ref53] \]. These processes took about 2 hours, and after this time, the spectra patterns of congo red were related to fibril formation and growth of fibrils \[ [@ref49] \]. These results are well matched with previous studies \[ [@ref54] , [@ref55] \].

The lag phase of aggregation is the initial feature of protein amyloidogenesis that is a thermodynamically unfavorable process of nucleation \[ [@ref56] , [@ref57] \]. In this stage, tiny seeds of fibrils formed are followed by appearance of nuclei. Upon aggregation and growth of the nuclei, fibrils are generated. Previous studies have also shown that low PHs and/or high temperatures (without using any other solvent) induce fibrillation of proteins \[ [@ref9] , [@ref58] \].

According to microscopic findings, lag phase and growth phase are obvious and by following these pictures from beginning to end, small particles are demonstrated at lag phase following by long fibrils; microns in length; at the end of the growing phase. In line with other studies \[ [@ref46] , [@ref54] , [@ref58] \], these two phases are shown. Process of fibrillation is in accordance with ionic strength and pH and temperature and amino acid composition of proteins \[ [@ref54] \]. Addition of some elements to the solution of protein can accelerate or decelerate the process of fibrillation; for instance it is shown that copper speeds up the fibrillation of HAS \[ [@ref55] \] and cysteine postpones this process in lysosome \[ [@ref47] \]. These items can be studied about fibroin to achieve a thermodynamically favorable method for production of fibrils.

Transmission and scanning electron microscopy indicates that in the primary stages of aggregation globular species are appeared subsequently converting to fibrils. In high temperature and in presence of acidic condition, these action happen in shorter period of time \[ [@ref54] \]. In our study, we have the same results too.

According to CD spectroscopic studies, α-helix structure is changed to β-sheet during fibrillation \[ [@ref54] , [@ref56] \] and also these studies show that soluble proteins convert to protofilament, then they gather and make fibrils and at the last state, fibrils twist and form fibrils with large length and dimension \[ [@ref56] \].

In addition to studying the mechanism of producing fibrils, other studies are conducted to assess the possibility of controlling the dimension and length of fibrils. Concentration, temperature, pH and storage condition are factors influencing the process and length of final fibrils \[ [@ref58] \]. Higher concentration can limit the lag phase and also acidic content of the solution versus natural condition accelerate the speed of lag phase \[ [@ref57] \].

Studying model proteins such as fibroin can help us to have knowledge about fibrillation process to gain achievement in cure of diseases or achieve methods to have useful biological tools.

Conclusion {#sec1-5}
==========

Fibroin assemblies were formed upon the process of aggregation and fibril formation with a variety of morphology ranging from nanoparticles to elongated fibrils. The solution pH and temperatures were key factors to form the fibroin fibrils and absence of any additional solvent to the protein content is very important. Growth of fibrils regarding to the incubation time shows the process of progressive fibril formation and presence of fibrils with different diameters and also lengths can be a proof for synergic effect of fibrillation process. If there are the more fibrillar content in a solution, there will be the more tendency to fibril formation.
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